Using an ELISA assay we showed that hydrogen peroxide did not induce 8-hydroxydeoxyguanosine. Our data show that the proposed comprehensive test system may provide a better procedure for classifying potential toxic chemicals and enable discrimination between agents that primarily induce cytotoxic effects as opposed to genotoxic effects. The integration of apoptosis and necrosis into the micronucleus assay may also be of practical use in radiosensitivity studies.
Introduction
The cytokinesis-block micronucleus (CBMN) assay has become one of the most commonly used methods for assessing chromosome breakage and loss in human lymphocytes both in vitro and ex vivo (Fenech and Morley, 1985; Fenech, 1997; Fenech et al., 1999) . The method has the unique advantage that it is a multi-end-point assay for measuring the induction of acentric chromosome fragments and chromosome loss which can be distinguished by kinetochore or centromere detection using molecular methods (Kirsch-Volders et al., 1997; Schuler et al., 1997) . The use of cytochalasin B not only makes the technique more precise by restricting scoring to cells that have completed one nuclear division but it also enables the frequency of dividing cells to be quantified rapidly (Fenech, 1997) . The use of cytosine arabinoside during the first 16 h of culture converts excision repair sites to micronuclei (MN) within one cell cycle so that excision-repairable adducts can also be measured (Fenech and Neville, 1992) . Recently it has been noted that one may also quantify apoptotic cells in this system using morphological criteria (Kirsch-Volders et al., 1997; Crott and Fenech, 1999) .
During the past 10 years it has become increasingly evident that DNA or chromosome damage is only one of several critical events that happen following exposure to xenobiotic agents (Evan and Littlewood, 1998; Green and Reed, 1998) . Furthermore, the probability of a cell surviving exposure to a DNA-damaging agent (endogenous or exogenous) is dependent on the propensity of that cell to undergo programmed cell death or apoptosis. A cell may also undergo necrosis rather than apoptosis depending on the intracellular oxidant/antioxidant status, the level of ATP in the cell and the extent of induced membrane damage (Hampton and Orrenius, 1997; Green and Reed, 1998; Lelli et al., 1998; Samali et al., 1999) . Figure 1 describes the various pathways and events that may be expected to occur in cultured lymphocytes exposed to a toxic agent. Cytogenetic genotoxicity assays that require hypotonic treatment for the preparation of interphase cells (for the whole blood MN assay) or metaphase plates for chromosome analysis are not usable for cytotoxicity assays because hypotonic treatment may destroy necrotic cells and apoptotic cells, making them unavailable for assay. Inclusion of these parameters is important for the accurate description of the mechanism of action and measurement of cellular sensitivity to a chemical or radiation.
In contrast, the isolated lymphocyte culture assay does not require hypotonic treatment of cells for slide preparation, thus making it possible to preserve the morphology of both necrotic and apoptotic cells. The use of cytochalasin B should make it easier to score apoptotic cells because it is expected to inhibit the disintegration of apoptotic cells into smaller apoptotic bodies. The latter process requires microfilament assembly, which is readily inhibited by cytochalasin B (Carter, 1967; Atencia et al., 1997) . We have attempted to show the value of this fully integrated system by measuring in detail the full complement of cellular events that are visible in cytokinesisblocked cultured lymphocytes exposed to increasing doses of hydrogen peroxide, an endogenous oxidant. The results from this study show that inclusion of necrosis and apoptosis endpoints are crucial to identifying the main event caused by a particular xenobiotic agent. We also provide a detailed description of scoring methods and criteria.
Materials and methods

Recruitment
The study was advertised to staff and students at CSIRO Human Nutrition. Six healthy, non-smoking males aged between 23 and 30 years were recruited The late stage of apoptosis when the nucleus disintegrates into smaller nuclei with condensed DNA, without cytoplasmic division due to inhibition by cytochalasin B. (C) The early stage of necrosis when the cytoplasmic membrane is damaged, cytoplasmic boundaries are not clearly defined cytologically, nuclear material is not condensed but nuclear shape becomes atypical and extensive vacuolization is evident. (D) The late stage of necrosis when the cytoplasm is lost but the nucleus, with abormal shape and disintegrating nuclear boundary, is still evident.
after giving informed consent. The Human Ethics Committee of CSIRO Human Nutrition approved the study.
Collection of blood samples
Between 50 and 80 ml of blood was collected by venipuncture into vacutainer tubes containing lithium heparin as anticoagulant. Blood was taken between 8.30 and 9.30 a.m. after an overnight fast, before having breakfast, to minimize possible confounding effects of dietary factors.
CBMN assay
The CBMN assay was carried out using the protocol of Fenech (1993) with minor adaptations and modifications as described below. The blood sample was diluted with an equal volume of 0.85% isotonic saline and mixed. To isolate the lymphocytes, 12 ml of Ficoll Paque (Pharmacia Biotech, Uppsala, Sweden) was added to a 50 ml Falcon tube and 36 ml of diluted blood was gently overlaid. The tubes were centrifuged at 400 g for 25 min at room temperature. Following the first wash, the tubes were centrifuged at 280 g for 10 min at room temperature. The cell pellet in each Falcon tube was resuspended in 1 ml of RPMI 1640 medium (Trace Biosciences, Nobel Park, Victoria, Australia) without fetal bovine serum (FBS). Cells were counted using a Coulter Counter. Lymphocytes were cultured in round bottom, 10 ml capacity tissue culture grade tubes at a concentration of 1ϫ10 6 cells/ml in RPMI 1640 medium without FBS. All cultures were prepared in duplicate. The volume of all cultures was 750 µl. Lymphocytes were challenged with four different concentrations of H 2 O 2 , i.e. 0, 25, 50 and 100 µM. Hydrogen peroxide dilutions were freshly prepared in Hanks balanced salt solution (Trace Biosciences). The cultures were pre-incubated for 30 min at 37°C and then the appropriate concentration of H 2 O 2 was added to each tube and these were incubated for another 30 min at 37°C. The cell suspensions were centrifuged at 180 g for 2 min, the supernatant was aspirated to a minimal level and cells were resuspended by gentle agitation in the remaining medium. The cells were washed in 3 ml of RPMI 1640 without FBS. Cultures were 606 centrifuged at 180 g for 5 min and the supernatant was aspirated to a minimal level, then the cells were resuspended in 750 µl RPMI 1640 with 10% (v/v) FBS (Trace Biosciences). Lymphocytes were stimulated to divide with 45 µg/ ml phytohaemagglutinin (PHA) (Murex Biotech, Dartford, UK) and incubated at 37°C in a humidified atmosphere containing 5% CO 2 . Forty-four hours post-PHA stimulation, cytochalasin B was added to cultures to a final concentration of 4.5 µg/ml. Cells were harvested at 72 or 96 h after PHA stimulation, by transferring directly to a glass slide using a cytocentrifuge (Shandon Southern Products Ltd, Astmoor, UK). Aliquots of 120 µl of resuspended cells in culture medium per cytocentrifuge cup were spun at 600 r.p.m. for 5 min. The slides were air dried for 10 min, fixed in absolute methanol for 10 min and stained using Diff-Quik stain (Lab Aids, Narrabeen, NSW, Australia). To minimize any confounding effects, one batch of each reagent was used in all assays. For each individual, treatments were done in duplicate and separate cultures were set up for each treatment and harvest time, resulting in a total of 16 cultures/individual and a total of 96 cultures for all the subjects together.
Cytosine arabinoside (ARA) modification of the CBMN assay (CBMN-ARA assay) Lymphocyte isolation, culture, CBMN assay and hydrogen peroxide challenge were all performed as described in the previous section. ARA cultures were prepared using protocol A described by Fenech and Neville (1992) , with the adaptations and modifications described below. All cultures were 750 µl volume and cells were at a concentration of 1ϫ10 6 cells/ml. ARA (1.0 µg/ml) (Sigma, St Louis, MO) was added to each culture just before PHA stimulation. All incubations were in a humidified atmosphere with 5% CO 2 at 37°C. Cells were washed twice with 3 ml of RPMI 1640 without FBS 16 h after PHA stimulation and addition of ARA. Tubes were centrifuged at 180 g for 5 min before washing medium was aspirated to minimize loss of cells. Cells were then set up in 750 µl RPMI 1640 with 10% FBS supplemented with 10 U/ml of human interleukin-2 (Boehringer, Mannheim Australia Pty. Ltd, Rose Park, S. Australia) and 10.0 µg/ml 2Ј-deoxycytidine hydrochloride (DC) (Sigma). At 44 h post-PHA stimulation, cytochalasin B was added to a final concentration of 4.5 µg/ml. Cells were harvested at 72 or 96 h post-PHA stimulation and fixed/stained as described above. For each individual, treatments were done in duplicate and separate cultures were set up for each treatment and harvest time, resulting in a total of 16 cultures/individual and a total of 96 cultures for all the subjects together.
Scoring method and criteria for MN, cytostasis, necrosis and apoptosis
All slides were coded prior to scoring. Scoring was carried out by a single individual (S.B.) using a Olympus BH-2 light microscope at 1000ϫ magnification under oil immersion. Criteria for scoring MN were as described by Fenech (1993 Fenech ( , 1996 . ARA-induced MN cells were calculated by subtracting the difference between micronucleated (MNed) cell frequency in ARA-treated cultures and corresponding cultures without ARA treatment.
The following guidelines for scoring necrotic and apoptotic cells were used: (i) cells showing chromatin condensation with intact cytoplasmic and nuclear boundaries as well as cells exhibiting nuclear fragmentation into smaller nuclear bodies within an intact cytoplasm/cytoplasmic membrane were classified as apoptotic; (ii) cells exhibiting a pale cytoplasm with numerous vacuoles and damaged cytoplasmic membrane with a fairly intact nucleus as well as cells exhibiting loss of cytoplasm and damaged/irregular nuclear membrane with a partially intact nuclear structure were classified as necrotic. Figure 2 illustrates the various cell types scored according to the scheme described in Figure 1 . Five hundred cells were counted and scored as either mononucleate, binucleate, trinucleate, tetranucleate, apoptotic or necrotic and ratios for these types of cells were calculated. The number of MN in 1000 binucleated (BN) cells were scored for each treatment and the frequency of MN and MNed cells and distribution of MN in BN cells were calculated. The cell classification and MN counts were obtained by scoring an equal number of cells from cytocentrifuge preparations from duplicate cultures. For some cultures exposed to the higher doses of H 2 O 2 it was not possible to determine the MN and MNed cell frequency as there were too few BN cells due to extensive necrosis.
8-Hydroxy-2Ј-deoxyguanosine (8-OHdG) enzyme-linked immunosorbent assay (ELISA)
Lymphocyte isolation and culture and hydrogen peroxide challenges were all performed as described above. Separate cultures were set up for the ELISA assay. At 24, 48 and 72 h after PHA addition, culture medium samples were taken to assess the extent of excretion of 8-OHdG by the cultured cells. Cytochalasin B was not added to any of these cultures. At the relevant time point, the culture tubes were centrifuged at 300 g for 10 min. Two 250 µl supernatant samples were removed into separate cryovials, frozen in liquid nitrogen and stored at -80°C until required. Culture medium samples were assayed for 8-OHdG using the 8-OHdG Check ELISA from the Japan Institute for the Control of Aging (Fukuroi City, Japan). The ELISA was conducted ; (E) normal binucleated cell; (F) normal binucleated cell with two micronuclei; (G) early necrotic cell (centre) with pale cytoplasm containing numerous small vacuoles and intact nuclear boundary; (H) necrotic cell with pale cytoplasm containing numerous small vacuoles and disintegrating cytoplasmic and nuclear boundaries, shown adjacent to (i.e. below) a normal mononuclear cell in G 0 phase of the cell cycle; (I) late necrotic cell with no cytoplasm and a disintegrating nuclear boundary. using the method described by Sri Kantha et al. (1996) . It was conducted on polystyrene 96-well flat bottom plates (ImmunoPlate Maxisorb; Nalge Nunc International, Naperville, IL) using the 8-OHdG ELISA kit. A monoclonal antibody (N45.1) specific for 8-OHdG was used in this ELISA with horseradish peroxidase-conjugated anti-mouse polyclonal antibody with substrate ophenylenediamine. The absorbance was measured at 492 nm using a computerized plate reader (SpectraMax, Sunnyvale CA). The 8-OHdG standards ranged between 0.64 and 2000 ng/ml. The concentration of 8-OHdG in the culture medium samples was determined from a standard curve plotted on a log scale.
Statistical methods
The significance of dose-response effects was evaluated using the nonparametric Kruksall-Wallis ANOVA test and comparisons for results at different doses of H 2 O 2 were done using Dunn's multiple comparison test. To determine whether results for cells harvested at 72 and 96 h were significantly different, we pooled the data for all H 2 O 2 treatments and compared them using Wilcoxon's test. The correlation matrix values were obtained using the Spearman rank order correlation test. Multiple regression analysis was used to identify which of the variables measured was most strongly related to H 2 O 2 dose. These tests were performed using Prism 2.0 (GraphPad Inc., San Diego, CA) and CSS Statistica (Statsoft Inc., Tulsa, OK) software.
Results
The results for the CBMN assay at 72 and 96 h harvest (Table  I) were not significantly different. We therefore combined the 607 results from these two time points and found that H 2 O 2 induces a significant increment in MNed cell frequency (P ϭ 0.0048) and necrosis (P Ͻ 0.0001) and a reduction in the BN cell ratio (P Ͻ 0.0001) and apoptosis (P ϭ 0.051) (Figure 3) .
The results obtained with CBMN-ARA cultures for cells at 72 and 96 h harvest (Table II) were not significantly different and showed similar trends to those for the CBMN assay. Combined data from these time points indicated that H 2 O 2 causes a significant increment in ARA-induced MNed cell frequency (P Ͻ 0.001) and necrosis (P Ͻ 0.0001) and a decrease in BN cell ratio (P ϭ 0.001) and apoptosis (P ϭ 0.1657) (Figure 4) . The ratios for ARA-induced MNed cells (in the CBMN-ARA cultures) to baseline MNed cells (in the CBMN cultures) in H 2 O 2 -treated cells and untreated cells were 2.2 and 2.0, respectively (the corresponding values for MN were 2.9 and 2.4, respectively).
In both the CBMN and CBMN-ARA cultures the frequency of necrotic cells was 40-200 times greater than that of apoptotic cells depending on the H 2 O 2 dose.
The ELISA assays for 8-OHdG in the culture medium showed no significant difference for measurements at 24, 48 and 72 h. The mean values for these measurements were therefore combined and showed that H 2 O 2 does not increase the level of 8-OHdG in the medium ( Figure 5 ).
To obtain an understanding of the interrelationship between the parameters measured we estimated the Spearman rank order correlation factors using data from both the CBMN and CBMN-ARA cultures (Table III ). It was evident that H 2 O 2 was significantly correlated with all measured parameters excluding 8-OHdG and that there was good agreement for correlation factors estimated using results from the CBMN and CBMN-ARA cultures. Necrosis was the event most strongly correlated with H 2 O 2 dose (r ϭ 0.73, 0.65) as well as the BN ratio (r ϭ -0.78, -0.74) in both CBMN and CBMN-ARA cultures, respectively. 8-OHdG was negatively correlated (r ϭ -0.50) with ARA-induced MNed cell frequency.
Because MNed cell frequency, ARA-induced MNed cell frequency, apoptosis, necrosis and BN ratio were significantly related to H 2 O 2 dose and to each other it was necessary to perform multiple regression analysis to identify which of these was the main event caused by H 2 O 2 . Two independent multiple regression analyses, based on the results from the CBMN and CBMN-ARA cultures (Table IV) , showed that only necrosis is significantly related to H 2 O 2 dose (β ϭ 0.56, 0.57, respectively, P Ͻ 0.0004).
The cytokinesis-block micronucleus assay 
Discussion
The extent of observed DNA damage induced by a chemical or physical agent may depend on whether the agent induces or inhibits necrosis and/or apoptosis. Induction of necrosis could result in the intracellular release of degradative enzymes from subcellular particles such as lysosomes, which may cause partial digestion of DNA during the early stages of necrosis. Inhibition of apoptosis may allow cells that have experienced a significant level of DNA damage to proceed through the cell cycle and survive as mutated/MNed cells. Until very recently genotoxicity assays have tended to ignore the role of necrosis 609 and apoptosis in determining the outcome of cytogenetic and point mutation assays. In those assays, such as the single cell gel electrophoresis assay, when DNA damage is assessed shortly after exposure to test chemicals there is some concern that positive results for strand breakage may be a side-effect of necrosis (Henderson et al., 1998) . In cytogenetic assays requiring cell division in culture for the expression of the endpoint measured (e.g. MN or chromosome aberrations) there is concern that not all damaged cells are observed because some have undergone apoptosis or necrosis instead of completing nuclear division .
It is therefore essential to integrate necrosis and apoptosis into current DNA damage assays. As we have shown, it is relatively easy to integrate these additional biomarkers within the CBMN assay, because apoptotic cells and necrotic cells can be readily counted alongside the MNed BN cells, as well as obtaining a proliferation index, which is essential for determining whether a chemical has cytostatic effects. Scoring necrotic and apoptotic cells is enabled by the lack of hypotonic treatment that is possible when using isolated lymphocyte cultures. In addition, this approach takes into account all cells, both viable and non-viable, which enables a precise ratio of all cells to be obtained. For example, in the original CBMN assay, non-viable cells are ignored when estimating the BN cell ratio or the nuclear division index, which leads to an inaccurate picture of what is actually happening within the culture system used. This discrepancy is now corrected by including all cells, regardless of their viability status, in the ratio estimates.
In terms of event frequency it was clear that necrosis was more prevalent than apoptosis by a factor of at least 40-fold, In the case of BN (%), apoptotic (%) and necrotic (%) two correlation factor estimates are shown; the first value refers to results from CBMN cultures and the second value refers to results from CBMN-ARA cultures. MNed cell frequency correlations only refer to results from CBMN cultures. No correlation values are shown when the P value was greater than 0.05. n, number of cultures from the dose-response experiments for which data were obtainable; BN (%), binucleated cell ratio; apoptotic (%), apoptotic cell ratio; nectotic (%), necrotic cell ratio, ARA-induced, cytosine arabinoside-induced. a P Ͻ 0.001; b P Ͻ 0.01; c P Ͻ 0.05.
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increasing to 200-fold at higher H 2 O 2 doses. This suggests that while apoptosis has an important role in the elimination of cells with DNA damage, the great majority of damaged cells appear to be eliminated by necrosis in lymphocyte cultures. The baseline rate of necrosis (~23%) observed in our cultures appears to be quite high, however, it may be that a significant proportion of observed necrotic cells are nondividing B cells rather than T cells. Up to 30% of isolated lymphocytes may be B cells (Natarajan and Obe, 1982) . It is also important to note that in the proposed protocol for scoring apoptosis both mononuclear and BN apoptotic cells are scored. However, it may be useful to consider scoring mononuclear and BN apoptotic cells separately because the former may be more representative of the normal process of DNA damageinduced apoptosis occurring prior to metaphase, while in the latter case apoptosis may have also been induced by an extended cytokinesis-block period. Even if the majority of apoptotic cells scored were BN this would be expected to have a negligible effect on MN frequency in BN cells as the great majority (Ͼ98%) do not undergo apoptosis during the assay period (data derived from Figures 3 and 4) . We have used hydrogen peroxide as the test chemical to evaluate the improved CBMN assay because we had previously observed a high level of necrosis relative to MN induction Analysis A and analysis B use data for BN (%), apoptotic (%) and necrotic (%) from the CBMN and CBMN-ARA cultures, respectively. BN (%), binucleated cell ratio; apoptotic (%), apoptotic cell ratio; necrotic (%), necrotic cell ratio; ARA-induced, cytosine arabinoside-induced; β, regression weight coefficient. (Crott and Fenech, 1999) . These studies had also suggested a strong positive correlation between necrosis and MN induction and a negative correlation between necrosis and apoptosis. The results from the present study have confirmed that MNed cell frequency, necrosis, apoptosis and the BN cell ratio are significantly interrelated to varying extents with each other and with hydrogen peroxide concentration. However, multiple regression analysis clearly shows that necrosis is the main event induced by hydrogen peroxide when supplied extracellularly. This implies that hydrogen peroxide is primarily a necrosis-inducing agent and only secondarily a genotoxin.
Furthermore, this study also shows that 8-OHdG was not induced at doses of hydrogen peroxide that are clearly cytotoxic. This observation is in agreement with those of Takeuchi et al. (1994) , who showed that 8-OHdG was not induced in HL-60 cells exposed to up to 500 µM hydrogen peroxide in culture medium when measured using the HPLC method for 8-OHdG in isolated DNA. If 8-OHdG was an important adduct induced by hydrogen peroxide one would have expected a significant positive correlation between the ARA-induced MNed cell frequency and 8-OHdG concentration in culture medium, but this was not the case; in fact the correlation factor was negative. The latter is difficult to explain unless 8-OHdG in culture medium originated from necrotic cell nuclei and indirectly acts as a biomarker of reduced capacity to perform excision repair. A reduced ability to perform excision repair, as has been demonstrated with aging in the CBMN-ARA assay, could minimize ARA-induced MNed cell frequency (Fenech and Neville, 1992) .
These results do not exclude the possibility that H 2 O 2 generated intracellularly may be genotoxic but to do so it would have to penetrate the nuclear membrane and participate in the Fenton reaction in close proximity to DNA because the hydroxyl radical is highly reactive (Wiseman and Halliwell, 1996) . The results we obtain do not agree with data from the single cell gel electrophoresis assay which classify exogenous H 2 O 2 as a genotoxic rather than a cytotoxic agent (Singh et al., 1988; Collins et al., 1993; Henderson et al., 1998) and highlight the possibility that cells classified as exhibiting DNA damage in this assay may in some instances be early necrotic or early apoptotic cells.
The data obtained also suggest a negative correlation between necrosis and apoptosis. Recent experiments with Jurkat T lymphocytes showed that 50 µM H 2 O 2 increases caspase activity and induces apoptosis, but at higher concentrations caspase activity is inhibited and the cells instead die by necrosis (Hampton and Orrenius, 1997) . This mechanism may explain why apoptosis was inhibited and necrosis increased with increasing H 2 O 2 concentration in our experiments. Other studies have also shown a shift from apoptosis to necrosis as H 2 O 2 concentration is increased above 100 µM in cultures of human lung fibroblasts (Teramoto et al., 1999) . H 2 O 2 may operate by primarily damaging mitochondrial membranes, which results in the release of cytochrome c. Release of the latter into the cytoplasm is thought to commit the cell to die by either a rapid apoptotic mechanism involving Apaf-1-mediated caspase activation or a slower necrotic process due to defective electron transport and decreased production of ATP (Green and Reed, 1998) . In evaluating the data obtained in our study it is important to note that the levels of H 2 O 2 used (25-100 µM) are physiologically relevant with regard to inflammatory processes, as it has been shown that 25-50 µM is bacteriostatic and the concentration of H 2 O 2 at abscess sites 611 in subcutaneous infections is~100 µM (Hyslop et al., 1995) . For comparison, plasma H 2 O 2 levels in normotensive and hypertensive subjects were estimated to be 2.5 and 3.2 µM, respectively (Lacy et al., 1998) . It is also important to note that similar levels of MNed cells are induced when lymphocytes are exposed to 500 µM H 2 O 2 in plasma or 100 µM H 2 O 2 in culture medium Crott and Fenech, 1999) , suggesting the presence of a much higher capacity of plasma to neutralize H 2 O 2 .
The results from this study and the proposed methodology have implications with regard to classification of chemicals, cellular sensitivity testing and baseline genotoxicity data in human populations. In evaluating genotoxicity it is important to consider not only DNA damage but also necrosis and apoptosis and cytostatic effects, all of which are likely to be interrelated, as shown by the results from our study. The use of a multiple regression model can help to determine whether the agent studied is primarily a genotoxin or whether the apparent genotoxic effects are simply a side-effect of necrotic changes. We suggest that simultaneous measurement of these end-points in the one test system may be required to obtain comprehensive and reliable results. The proposed CBMN test system is likely to provide more detailed information than shorter term assays because all the morphology of viable and non-viable cells is maintained and sufficient time is allowed for the relatively slow process of necrosis and apoptosis to occur.
The same test system is of relevance in evaluating radiation sensitivity of cells. This is becoming increasingly important, both in the prediction of cancer susceptibility and in identifying cancer patients with normal tissue sensitivity to ionizing radiation prior to radiotherapy (O'Driscoll et al., 1998; Scott et al., 1999) . Recent studies with the MN assay suggest that in vitro tests on fibroblasts in tissue close to the radiotherapy site is predictive of normal tissue reaction (Nachtrab et al., 1998) , however, results with lymphocytes appear to be less predictive (Rached et al., 1998) . In addition, there is sometimes a discordance between results using colony assays and MN assays when measuring radiosensitivity of cell lines (Johansen et al., 1998; O'Driscoll et al., 1998) . The discordance may well be due to differences between tissues and cell lines in the extent of induced necrosis and apoptosis so that damaged cells would, to varying degrees, die by necrosis or apoptosis rather than survive to express DNA damage as MN; the converse may also apply. However, the proposed integrated approach described in this paper would take account of all these events and may therefore provide a better prediction of radiosensitivity.
In a previous report on the use of the MN assay in human biomonitoring, we suggested that a more comprehensive picture of the extent of cellular damage could be obtained if both pre-exisiting MN in cells as well as cell death events during culture were enumerated. In the latter case cells that experienced extensive damage to DNA or other cellular components in G 0 , whilst in the blood circulation, may not survive the first cell cycle in tissue culture to express MN but rather may undergo necrosis or apoptosis. Thus assessment of these alternative end-points may provide the complete picture needed.
In conclusion, we suggest that the cytokinesis-block micronucleus assay can be used for integrated measurements of chromosome breakage and loss, excision-repaired sites, necrosis, apoptosis and cytostatic effects. Furthermore, this system may provide a better way of estimating the relative importance of these events when cells are stressed by a variety of agents.
